Background: There is limited evidence of parametric MR mapping to characterize carotid plaques associated with cerebral ischemic events. Purpose: To explore the apparent diffusion coefficients (ADCs) and longitudinal relaxation rates (R 1 ) of carotid plaques, including areas of hemorrhage, lipid-rich/necrotic core (LR/NC) without hemorrhage, and fibrous tissue (Fbr) Study Type: Prospective. Subjects: Twelve patients who underwent carotid endarterectomy. Field Strength/Sequence: R 1 was measured using double angle Look-Locker acquisition on 3T systems. Single-shot spinecho echo-planar imaging with fat suppression and outer-volume suppression (OVS-DWEPI) with b values of 10 and 500 s/mm 2 was used for diffusion-weighted imaging. Assessment: A phantom study using diluted gadolinium solutions and polyvinyl alcohol solutions was used to validate the two protocols. Regions of interest (ROIs) were manually outlined on MR images for areas of LR/NC, hemorrhage, and Fbr based on histological cross-sections. Pixel-based R 1 and ADC values in the ROIs were plotted for each component. The probability density function of the plots determined the optimum contours to separate the three components in the ADC-R 1 plane. The LR/NC, hemorrhage, and Fbr regions were mapped on MR images based on the above results and compared to histological results. Statistical Tests: The R 1 values of the phantom measurements were tested using Bland-Altman analysis. The accuracies of the MRI classification were calculated. Results: R 1 values <8 s −1 calculated using our method agreed with those calculated using an inversion-recovery fast-spinecho sequence (error, ≤0.1 s
and Fbr (R 1 , 0.2-0.8 s −1 ; ADC, 1.5-2.9 μm 2 /ms) were separated on the plots. Patients with severe carotid narrowing are at increased risk for subsequent ischemic stroke. The guidelines recommend using the degree of stenosis to determine if carotid revascularization is indicated. [1] [2] [3] However, recent evidence indicates that the presence of a vulnerable plaque is more prone to rupture, and thus is associated with catastrophic thromboembolic ischemic events. 4 Characteristics of vulnerable plaques include a thin fibrous cap with a large lipid-rich/necrotic core (LR/NC), active inflammation, fissured plaques, and intraplaque hemorrhage. 5 High-resolution carotid plaque magnetic resonance imaging (MRI) may identify the aforementioned plaque features. [6] [7] [8] Therefore, carotid tissue characterization based on MRI has an important role in patient management. Previous studies have proposed multicontrast MRI techniques, including time-of-flight, T 1 -weighted, T 2 -weighted, and proton density-weighted images for plaque tissue characterization. 8, 9 Cai et al used pre-and postgadoliniumenhanced T 1 -weighted imaging to quantify LR/NCs and fibrous caps with good accuracy. 8 Touze et al indicated that
there is significant interobserver variability in the identification and quantification of LR/NCs without the use of gadolinium contrast media. 10 Other studies used heavily T 1 -weighted, magnetization-prepared rapid acquisition gradientecho (MP-RAGE) sequencing to identify intraplaque hemorrhages. [11] [12] [13] [14] [15] Intraplaque hemorrhage, which is associated with carotid plaque progression and cerebrovascular ischemic events, demonstrates T 1 shortening characteristics due to the degradation of the hemorrhage into methemoglobin. 11, 12, 16, 17 In these studies, plaque characterization depended on the reviewers' experience and/or semiquantification of the relative contrast of plaque components to adjacent muscle or normal vessel wall. Thus, longitudinal relaxation rate (R 1 ; = 1/T 1 ) quantification may be able to discriminate intraplaque hemorrhage from other plaque components independent of the reviewer's experience and signal intensity of surrounding tissue. Diffusion-weighted imaging (DWI) incremented with reduction of geometrical distortion is applicable for carotid plaque imaging. 18, 19 Kim et al evaluated apparent diffusion coefficient (ADC) values of histologically validated carotid plaque components, and demonstrated that they were significantly different among LR/NC, hemorrhage, and normal arterial walls. 18 Xie et al demonstrated that the LR/NC
showed lower values than the normal vessel wall or fibrous plaque when plaque characterization by contrast-enhanced multicontrast 2D turbo spin-echo was used as the reference.
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These studies indicate the potential value of DWI to identify the LR/NC without gadolinium-contrast media. Based on these previous studies, we hypothesized that a combination of ADC and R 1 values can differentiate an LR/NC, intraplaque hemorrhage, and fibrous tissue (Fbr) without contrast agents. The purpose of this study was to explore the ADC and R 1 values of the three atherosclerotic plaque components using histological results as the gold standard reference.
Materials and Methods

Subjects
This prospective study was approved by the Institutional Review Board of each participating institution. Written informed consent was obtained from each patient.
Twelve patients were selected from the consecutive patients in whom carotid arterial stenosis was assessed by MRI at two hospitals between July 2012 and February 2015 (Fig. 1) . Included patients had been scheduled for carotid endarterectomy and their histology specimens were obtained after MRI. Patients who managed their condition with medication or who underwent carotid artery stenting after carotid MR scans during the study period were excluded from this study. Patient demographic data are summarized in Table 1 .
MRI Protocol
Eight patients were imaged at Hospital A using 2-channel SENSE Flex-S coils (Koninklijke Philips, Best, the Netherlands); the remaining four patients were imaged at Hospital B using a SENSE-NV-16 coil (Koninklijke Philips; the hospitals used identical models of clinical 3T MR scanner (Intera Achieva Quasar Dual, Koninklijke Philips).
MR images for the measurement of R 1 and ADC without cardiac gating were obtained, in addition to the following routine clinical MRI sequences: 3D time-of-flight (TOF), precontrast 3D T 1 -weighted volume isotropic acquisition (VISTA), 3D T 2 -weighted VISTA, 3D MP-RAGE, and contrast-enhanced 3D T 1 -weighted VISTA images. The contrast-enhanced studies were not performed at Hospital B. The motion-sensitized driven equilibrium (MSDE) technique 20 was incorporated into pre-and postgadolinium-enhanced T 1 -weighted and T 2 -weighted VISTA for black blood imaging. The MRI slices were oriented horizontally (approximately perpendicular to the vessel axis). Protocol details are listed in Table 2 . We modified the original DALL calculation by considering the time of the first imaging pulse after an inversion pulse, Ti0, which is assumed to be 0 in the original DALL calculation. R 1 , the flip angle (α), the efficiency of the inversion pulse β (β = 1 for perfect inversion), and the parameter (p in the formula below) were derived simultaneously by fitting data using a nonlinear least-squares method to the following formula for Look-Locker signal intensity in the steady state established by repeating the inversion-recovery sequence (Appendix):
R 1 Measurement and Phantom Verification
where Er1 = exp(-R 1 TR), f = Er1 cos α, m (=240) is the number of α pulses in TIR, and n is the number of α pulses before TI. The numbers of data points with different TIs were 24 for α = 6 and 24 for α = 12 . We assumed that the true flip angle for 12 is twice that for 6 . We excluded two data points near the null point in inversion recovery (the lowest and the second lowest values of the 24 data points for each α). Data with smaller TIs than those of the excluded data points were considered to be negative. Thus, the number of data points to fit was 44 (22 for α = 6 ; 22 for α = 12 ). To test the above method, diluted gadolinium solutions were imaged with the DALL and an inversion-recovery fast spin echo (IR-FSE) sequence (TR/TE = 10,000/35 msec, TI = 100, 250, 500, 1000, 2000, and 5000 msec). Our modified DALL calculation was compared to the original DALL calculation; the IR-FSE reference was used as the reference standard.
ADC Measurement and Phantom Verification
DWI was performed using single-shot spin-echo echo-planar imaging with fat suppression and outer volume suppression (OVS-DWEPI) 22 where s10 and s500 are the signal intensities imaged with b = 10 and b = 500 s/mm 2 , respectively. To verify the ADC, a polyvinyl alcohol solution phantom was imaged using OVS-DWEPI and standard diffusion-weighted echo-planar imaging (DWEPI). ADC values determined using OVS-DWEPI were compared to those determined using standard DWEPI.
Image Processing and Histology Matching
Two radiologists with 25 (H.T.) and 15 (H.O.) years of experience evaluated MR images through consensus reading.
All images were transferred to a personal computer, and the following calculations were performed using Mathematica 10.4 (Wolfram Research, Champaign, IL). A Gaussian filter with a full width at half maximum of 0.625 mm (the pixel size of the DALL images) and 3D linear interpolation was applied to all images. Rigidbody transformation was used for image registration by the 
least-squares method based on signal intensity differences. R 1 maps obtained after DALL images with a flip angle of 6 were registered to those of 12 . Among the DALL images with various TIs, images that showed low signal intensity in the arterial lumina were selected and combined to achieve image contrast similar to that of T 1 -weighted VISTA images. After the T 1 -weighted VISTA images were registered to the combined DALL images, T 2 -weighted VISTA images were registered to the T 1 -weighted VISTA images. DWI images with a b value of 10 s/mm 2 were registered to the T 2 -weighted VISTA images. DWI images with a b value of 500 s/mm 2 were registered to images with a b value of 10 s/mm 2 . The resulting images were visually inspected, and the transformation parameters (the degrees of translation) were manually corrected if necessary. Four pathologists (two per institution) examined the endarterectomy specimens. Serial axial sections of each endarterectomy specimen were taken. Carotid bifurcation and the slice with the most severe stenosis were used as landmarks to match the MR images to the histological specimens.
Probability Density Map of Plaque Components
Typical, unambiguous, and adequately sized areas (≥5 mm 2 ) of LR/NC, hemorrhage, or Fbr were arbitrarily selected on histological cross-sections. The corresponding areas (regions of interest, ROIs) were manually outlined on the MR images by one of the authors and those regions were reviewed by another author. The outlines were finalized via consensus opinion. Lists of the R 1 and ADC values in the ROIs on a pixel-by-pixel basis were obtained and plotted in a graph of ADC vs. R 1 plane. A 2D probability density function of each component in the plane was estimated using the Mathematica function "KernelMixtureDistribution" by Silverman's method. 23 Optimum contour lines that could separate LR/NC, Fbr, and hemorrhage in the ADC-vs.-R 1 plane were determined using the probability Sensitivity and specificity for the discrimination of plaque components based on the probability density map were evaluated using the MR images of the same subjects, as follows. 1) Based on the optimum contour lines on the probability density map that could separate LR/NC, Fbr, and hemorrhage in the ADC vs. R 1 plane, estimated LR/NC, hemorrhage, and Fbr regions were mapped on the MR images. 2) Large (>12 pixels) uniform ROIs of estimated LR/NC, hemorrhage, and Fbr areas were selected on the maps. 3) ROIs that contained the region used to generate the probability density map were discarded. 4) True (histologically determined) LR/NC, hemorrhage, and Fbr regions were overlaid with the ROI on the map. 5) The sum of the number of pixels of each true classification inside the ROI was calculated. 
Signal-to-Noise Ratio of MR Images
Signal-to-noise ratio (SNR) of MR images were measured to evaluate whether there is a difference between the two institutions. SNR of DALL imaging was obtained by measuring signal intensity (SI) of adjacent muscles to the carotid in two images at the largest TI (for signal) and the null point (for noise). SNR of DWI was obtained by measuring SI of a lymph node (for signal) and the pharyngeal cavity (for noise) at b = 10 s/mm 2 images.
Statistical Analysis
Statistical analysis was performed using Mathematica 10.4 and R3.1.1 (R Foundation for Statistical Computing, Vienna, Austria) software. For the phantom study, Bland-Altman analyses were performed to compare the R 1 values of the phantom measurements between the DALL scans and the IR-FSE scans. The estimated standard errors of the sensitivity, specificity, and accuracy were calculated for multiple sections per patient using the bootstrap method with 10,000 samples each. 12 Mann-Whitney U-tests or t-tests were used to compare two independent variables. P < 0.05 was considered statistically significant.
Results
Phantom Study
The R 1 values obtained using our method agreed with those obtained using IR-FSE for R 1 < 8 s
, with errors of ≤ 0.1 s −1 (Fig. 2) . When the efficiency of the inversion pulse, β, was assumed to be 1 (perfect inversion), the same accuracies of R 1 were observed for R 1 < 5 s . The mean ADC value obtained using OVS-DWEPI was 4.1% higher than that obtained using standard DWEPI.
Patient Study
Although structures smaller than 1-2 mm tended to be difficult to identify on R 1 and ADC maps, morphological structures on histology slices could be identified on conventional T 1 -and T 2 -weighted images. Examples of ROI for LR/NC and hemorrhage are shown in Fig. 3 .
Probability Density Map of Plaque Components
Twenty-four ROIs were assigned to generating the 2D probability density map of the three plaque components. The ADCvs.-R 1 plots demonstrated the distribution of LR/NC, hemorrhage, and Fbr (Fig. 4) . LR/NC (R 1 , 0.4-1.2 s ; ADC, 1.5-2.9 μm 2 /ms) were located on the plots. These values were compared between the two institutions ( Table 3 , Fig. 4) . Although individual values were significantly different between the institutions, systemic bias based on equipment such as consistently higher values in one institution than the other were not observed. Using the combined data from two institutions, the estimated probability density map and the estimated probability of the three plaque components were generated (Fig. 5a-c) . Sensitivity, Specificity, and Accuracy for the Discrimination of Plaque Components Based on the Probability Density Map Twenty-one ROIs were assigned to the process. Figure 5d shows the distribution of those data on an ADC vs. R 1 plot. Table 4 shows the normalized fractions of areas for LR/NC, hemorrhage, and Fbr determined by histological classification compared to MRI classification. These areas were measured and summed for the ROIs. The sensitivity, specificity, and accuracy of MRI classification were 0.60 (95% confidence 
SNR of MR Images
In DALL imaging, SNRs (mean ± standard deviations) were 14.3 ± 3.9 for Hospital A and 13.9 ± 4.8 for Hospital B (P = 0.85). In DWI, SNRs were 11.6 ± 4.3 for Hospital A and 10.5 ± 3.4 for Hospital B (P = 0.69).
Discussion
This study demonstrated that the combination of ADC and 19, 26, 27 which was consistent with our results. Yao et al assessed the difference in ADC values between carotid hemorrhagic plaques and nonhemorrhagic plaques at 3T. 28 The mean ADC values of the hemorrhagic and nonhemorrhagic regions in the hemorrhagic plaque group were 0.985 ± 0.376 μm 2 /ms and 1.480 ± 0.465 μm 2 /ms, respectively. Their definition of a hemorrhagic plaque was high signal intensity on MP-RAGE, and there was no histological evaluation. Therefore, the plaque characteristics of the nonhemorrhagic plaque in their study are not known. Kim et al showed that the signal difference obtained from DWI with two b values (10 and 300 s/mm 2 ) at 3T provided enough information to differentiate the ADC values of different plaque components. In their in vivo imaging study, the mean ADC values in a normal vessel wall, lipid-rich core, and hemorrhage were 1.27 ± 0.16, 0.38 ± 0.1, and 0.98 ± 0.25 μm 2 /ms, respectively. 18 However, the ADC values of hemorrhage ranged widely, from 0.48 to 1.57 μm 2 / ms, which overlapped with those of the lipid-rich core and Fbr. In our study, ADC values of LR/NC and hemorrhage were mostly overlapped, whereas overlaps of R 1 between LR/NC and hemorrhage were few. Therefore, the importance of both R 1 and ADC values to differentiate LR/NC and hemorrhage should be emphasized. DALL enables accurate R 1 measurement using the Look-Locker sequence by accounting for the actual flip angle. We also considered the actual timing of the radiofrequency pulses in this study. That resulted in increased accuracy of ). However, we found that the cutoff of R 1 between the LR/NC and the hemorrhagic components was 1.0-1.7 s −1
. Hence, the accuracy of R 1 values >3 s −1 would not be important for the differentiation of hemorrhage components from LR/NC without hemorrhage. As our method also required more time for data processing than the original DALL method, the original DALL method may be favorable for the detection of hemorrhagic plaque components in routine clinical MRI. Although methods other than DALL might provide proper R 1 mapping, we used this method because of the availability of the sequence in our system. Selection of the suitable method for R 1 mapping was beyond of the scope of this study. An advantage of R 1 measurement over T 1 -weighted imaging is the availability of quantitative values, irrespective of different imaging equipment and/or scan protocols. Combining with ADC measurement, it could be integrated into automated delineation methods to detect carotid plaque with color-coded probabilities in the future. This study had limitations. First, our OVS-DWEPI protocol covered only 1.8 cm in the z-axis direction, which might not be sufficient for a massive plaque; we set the center of the FOV at the ipsilateral carotid artery to avoid potential distortion during EPI, and the narrow FOV did not allow the inclusion of both carotid arteries. As our aim was to determine the ADC and R 1 values of plaque components using histological comparisons, our protocol was acceptable for evaluation of the ipsilateral carotid artery. However, it may be preferable to modify the acquisition of DWI with a wider FOV and longer z-axis range to evaluate the bilateral carotid arteries. A possible solution may include turbo-spin echobased EPI acquisition proposed by Xie et al. 19 We used the lower b-value of 10 rather than 0 in order to suppress flowing blood signals. The signal acquired at this b-value is affected by microvessels in the plaque so that ADC may be overestimated. However, the fractional areas of microvessels in carotid plaques have been measured to be less than 3%. 29 Thus, the effect of microvessels may be negligible in our study. Second, although our DALL protocol can manage B 1 inhomogeneity, interscan misregistration between different flip angles may be a potential drawback. Third, fibrous cap status, another indicator for plaque vulnerability, could not be evaluated in this study due to the limited spatial resolution (≥1 mm) of our scan protocol. Redgrave et al reported in their histological evaluation that a representative cap thickness of 500 μm or a minimum cap thickness of 200 μm should be used as the cutoff threshold to differentiate between ruptured and nonruptured plaques. 30 As a fibrous cap status is associated with a large LR/NC and the presence of intraplaque hemorrhage, 31 our approach to discriminate intraplaque hemorrhage, LR/NC, and Fbr may be reasonable considering the limited spatial resolution of the current clinical scanner.
The fourth limitation was that only a small number of patients were included from two institutions. Furthermore, the same patients were used to generate the probability density map and to evaluate sensitivity and accuracies, although there were no overlapping ROIs between the two processes. A future study is warranted to evaluate whether the combination of ADC and R 1 values can discriminate the plaque components across multiple platforms that include larger cohorts.
There may have been a selection bias due to the histological findings used for generating the probability density map. For example, we selected slices that contained large and homogenous plaque components. As carotid plaque features commonly appear complicated, the LR/NC area mixed with intraplaque hemorrhage is frequently observed on histology. Such heterogeneous plaques hindered estimations of plaque R 1 and/or ADC values in the data used for the probability density map because perfect pixel-based matching between histology and MRI was difficult. If individual plaque components show different behaviors on quantitative MRI between those in homogenous and heterogeneous areas, those in heterogeneous areas would not be correctly classified based on our results. The observed low sensitivity may reflect the poor detectability of small components in heterogeneous plaque. Further studies using high spatial resolution are necessary to evaluate our classification system and its application to mixed plaque features.
Finally, our sample consisted of 90% male, 90% smokers, and 90% patients with hypertension. This sample is not necessarily generalizable. However, other past studies investigating carotid plaque MRI included similar distributions of populations with male dominance and higher prevalence of smokers. Considering the merit of evaluating carotid plaque in subjects with established atherosclerotic disease, the subject demographics in our study should be acceptable.
In conclusion, the discrimination of carotid atherosclerotic plaque composition, including LR/NC, intraplaque hemorrhage, and Fbr, was feasible using the combination of ADC and R 1 values at 3T with a histological reference. This technique may help noninvasively assess patients with and at risk for significant carotid atherosclerotic disease.
where Er1 = exp(-R 1 TR), f = Er1 cos α, and M 0 is the magnetization in thermal equilibrium. The 3D Look-Locker signals are acquired with repeating IR-FLASH sequence at the same timing: inversion pulse at the start, 1st α pulse at Ti0, 2nd α pulse at Ti0 + TR, ÁÁÁ, m-th α pulse at Ti0 + ðm− 1ÞTR, next inversion pulse at TIR. At Ti0, the longitudinal magnetization just before the first α pulse, M 1 , is given by:
with the longitudinal magnetization before the inversion pulse, M − , and the efficiency of the inversion pulse, β ð − 1 ≤ β ≤ 1Þ. Replacing M 1 in (A1) with that in (A2) gives:
The longitudinal magnetization at TIR, M + , will be:
where M m + 1 is the longitudinal magnetization after the m-th α pulse and signal acquisition:
A steady state will be established while repeating IR-FLASH sequence so that M + = M − . Thus, from (A4) and (A5),
We can solve (A6) for M − :
Substituting M − in (A7) for that in (A3), we get the longitudinal magnetization just before the n-th α pulse:
Thus the signal intensity at the n-th α pulse will be proportional to 
